Abstract The division of Escherichia coli is an essential process strictly regulated in time and space. It requires the association of FtsZ with other proteins to assemble a dynamic ring during septation, forming part of the functionally active division machinery, the divisome. FtsZ reversibly interacts with FtsA and ZipA at the cytoplasmic membrane to form a proto-ring, the first molecular assembly of the divisome, which is ultimately joined by the rest of the division-specific proteins. In this review we summarize the quantitative approaches used to study the activity, interactions, and assembly properties of FtsZ under well-defined solution conditions, with the aim of furthering our understanding of how the behavior of FtsZ is controlled by nucleotides and physiological ligands. The modulation of the association and assembly properties of FtsZ by excluded-volume effects, reproducing in part the natural crowded environment in which this protein has evolved to function, will be described. The subsequent studies on the reactivity of FtsZ in membrane-like systems using biochemical, biophysical, and imaging technologies are reported. Finally, we discuss the experimental challenges to be met to achieve construction of the minimum protein set needed to initiate bacterial division, without cells, in a cell-like compartment. This integrated approach, combining quantitative and synthetic strategies, will help to support (or dismiss) conclusions already derived from cellular and molecular analysis and to complete our understanding on how bacterial division works.
Introduction
This article is not a comprehensive description of the advances made in our understanding of FtsZ and its central role in bacterial division-a subject covered in recent reviews (Adams and Errington 2009; Egan and Vollmer 2013; Erickson et al. 2010; Lutkenhaus et al. 2012; . Rather, it reflects our own views and reflections on the field. We have focused on the quantitative analysis of the activities and association/assembly properties of FtsZ, their modulation by ligands and excluded-volume effects due to crowding, and their study in different membrane-like systems. This knowledge will complete our understanding of the functional energetics of macromolecular interactions involved in bacterial division and will contribute to defining the precise conditions to build, with a minimum set of elements, molecular assemblies that reproduce (at least in part) an essential biological process in the test tube. This integrative approach, which given the current trends seems a feasible task, reflects the teachings of Allen Minton during our long-term (personal and scientific) relationship.
The bacterial (Escherichia coli) division machinery
The components of the multi-protein machinery that mediates bacterial division reversibly interact during the assembly of a division ring at midcell to drive cytokinesis (Adams and Errington 2009; Erickson et al. 2010; Margolin 2000; Mingorance et al. 2010) . The ring is a highly dynamic entity composed of at least ten proteins, most of which are integral membrane proteins, whose structural organization is not yet precisely established. They form part of the complete macromolecular assembly capable of effecting division in the cell, namely, the divisome (Nanninga 1998; Vicente 2013) , which also contains periplasmic, outer membrane and cell envelopesynthesizing elements (Egan and Vollmer 2013; Vicente and Rico 2006) .
In E. coli, division is initiated by the concerted association of three proteins, i.e., FtsZ, FtsA, and ZipA, at the cytoplasmic membrane to form the first macromolecular complex of the divisome, the proto-ring, which in turn acts as a scaffold where the remaining division proteins are incorporated (Geissler et al. 2007; Pichoff et al. 2012; Vicente and Rico 2006) (Fig. 1) .
Among the components of the proto-ring, the best characterized is FtsZ, a GTPase widely conserved across prokaryotic organisms and structurally related to tubulin, a major component of the eukaryotic cytoskeleton. FtsZ, the most abundant element of the division ring, is an assembling machine capable of forming single-stranded filaments that further associate into higher order structures. These assembly reactions are considered to be crucial to the division function in which forcegenerating mechanisms are invoked (Erickson et al. 2010; Mingorance et al. 2010 ). The precise structural organization of the Z-ring has not yet been identified, and the correlation of the microscopic images of the division rings with a particular FtsZ polymeric entity has not yet been established. These difficulties may relate in part with the plasticity of these assemblies and with the dynamic nature of the reversible interactions between division elements (Strauss et al. 2012; Vicente 2013) . The application of high-resolution imaging techniques is From left to right Transmission electron microscopy micrograph of ZipA-containing nanodiscs, scanning electron microscopy (SEM) micrograph of microbeads coated with native inner membrane, SEM micrograph showing FtsZ polymers growing in a three-dimensional network on a ZipA-containing lipid bilayer, confocal microscopy images of giant unilamellar vesicles with FtsZ assembled outside or inside the vesicles. Adapted from Hernández-Rocamora et al. (2012a) , Jiménez et al. (2011), and Martos et al. (2012a) , with permission expected to produce a better reconstruction of the Z-ring, revealing details on its molecular architecture in the cell.
FtsZ is anchored to the cytoplasmic membrane through the interaction of its carboxy-terminal region with the other protoring proteins, ZipA or FtsA (Haney et al. 2001) . Apparently either of the latter can support the attachment of FtsZ, but no localization of FtsZ at the membrane occurs if both are absent (Geissler et al. 2007; Pichoff et al. 2012) . The amphitropic protein FtsA is considered to be a member of the actin family and contains a short amphipathic helix that is thought to mediate its association with the membrane (Pichoff and Lutkenhaus 2005) . It has recently been shown that FtsA associates into filaments (Martos et al. 2012b) , in this case, in the presence of lipid structures; FtsA assembly has also been observed in other bacterial cells (Krupka et al. 2012; Szwedziak et al. 2012) . ZipA contains a short amino-terminal region integrated in the membrane and connected to the carboxy-terminal FtsZ-interacting domain by a flexible, unstructured linker region (Ohashi et al. 2002) .
The positioning of the E. coli division ring is regulated by two control mechanisms, namely, the Min system and nucleoid occlusion, which work together to inhibit ring formation in the wrong places. The Min system comprises three proteins (Min C, D, and E); the pole-to-pole oscillatory behavior of the interacting MinCD (putative inhibitors of the FtsZ ring) directed by a MinE ring creates a gradient of the Min inhibitors such that their local concentration is lowest at midcell, favoring FtsZ assembly in this region (Loose et al. 2008) . Nucleoid occlusion is an additional mechanism of regulation to avoid septation at places occupied by the non-divided bacterial nucleoid (Wu and Errington 2012) , a soft colloidal entity that exerts its inhibitory control through both nonspecific excluded-volume and electrostatic effects and the specific action of SlmA, a DNAbinding protein recognizing specific sequences throughout the nucleoid that inhibits FtsZ ring assembly in the vicinity of bulk chromosomal DNA (Tonthat et al. 2011) .
The bacterial cytoplasm is a crowded environment
The assembly of functional division complexes in vitro requires environments in which the natural crowding conditions are carefully reproduced. There are major differences between the intact bacterial cytoplasm and conventional solutions studied in the laboratory, including large differences in total protein concentration and in the fraction of total volume that lies adjacent to the surface of either a membrane or a fibrous structural element. It is estimated that around 25-30 % of the bacterial cytoplasm volume is occupied by macromolecules (among them approx. 200-300 mg/ml protein, approx. 100 mg/ml RNA, and approx. 15 mg/ml DNA; Vendeville et al. 2011) , while no single macromolecule needs to be highly concentrated (Fig. 2); for example, the estimated average concentration of FtsZ, one of the most abundant cell division proteins, is 0.1-0.4 mg/ml (Lu et al. 1998; Rueda et al. 2003) .
Although much of the chemistry associated with bacterial division reactions takes place in environments containing a substantial volume fraction of macromolecules, local composition may vary widely within the bacterial cell, and macromolecules inside the cell seem to be transiently clustered in functional and structural networks rather than homogeneously distributed. Preferential location (or exclusion) of a certain component arises from increased heterogeneity and the probable presence of additional weak nonspecific attractive and repulsive associations with background molecules or large structures. For example, FtsZ, in addition to being subjected to pure volume-exclusion effects, will also be subjected to the influence of the local microenvironments where it can be found during its life cycle: (1) it is located in the immediate vicinity of the nucleoid, a highly charged soft supramolecular entity that occupies approximately 15 % of the bacterial interior, where FtsZ will encounter a high local concentration of nucleic acid and charges; (2) it is also found in the vicinity of the inner plasma membrane, to which FtsZ is anchored as part of the division ring, which provides high local concentration of membrane proteins and phospholipids. It is expected that the relative contributions of crowding, confinement, and adsorption to FtsZ reactivity will be different within each of these microenvironments; however, despite such complexity, it is true that background interactions arising from steric repulsion in volume-occupied cell-like environments will have to be taken into account, independently of the presence Fig. 2 The crowded cell interior: biological organization and energetic consequences. a. Diagram illustrating the overall architecture of the E. coli cell. The double-layered cell wall and the two membranes comprise the structural zone of the cell (Spitzer and Poolman 2009) . The crowded interior is roughly separated in two zones-a soluble region containing most of the proteins and ribosomes (the metabolic zone) and the nucleoid region filled mostly by the DNA genome (the replication zone). Reprinted with permission from Goodsell (2010) . b, c Thermodynamic cycles illustrating linkage between free energy of transfer of reactants and products from a dilute solution to a crowded medium and standard free energy of association in solution (b) and site-binding (c). Figure modified from Zhou et al. (2008) or absence of other types of interactions (Minton 2006; Phillip and Schreiber 2013; Zhou 2013) .
Because of its generality, special attention has been paid to the consequences and implications of excluded volume effects due to crowding, as they arise from the mutual impenetrability of macromolecules. A fundamental chemical consequence of volume exclusion is that provides a generalized nonspecific force to facilitate processes leading to a reduction in excluded-volume, namely, macromolecular compaction and association (Ellis 2001; Minton 2000 Minton , 2001 (Fig. 2) . It has been shown that larger and less compact macromolecules are more sensitive to excludedvolume effects than smaller and more compact species, leading, under certain circumstances, to the spatial selforganization of fibers (Herzfeld 2004 ). Many of these effects have been observed experimentally [reviewed in Minton (2006) and Zhou et al. (2008) ]. Simple statisticalthermodynamic theories, based on coarse-grained models, usually provide reliable predictions of qualitative effects and, in favorable cases, can provide reasonable semi-quantitative calculations of the magnitude of such effects (Hall and Minton 2003; Zhou et al. 2008) .
The potential implications of additional specific and nonspecific interactions, other than volume exclusion, on the energetics and dynamics of macromolecular reactions in crowded environments have been raised since the first days of crowding studies (Minton 1983 (Minton , 1990 ). Both experimental and in silico studies indicate that, under certain conditions and environments, crowding can modulate the stability and associations of some proteins through effects that are smaller than what would be predicted by the excluded-volume theory, or even the opposite. To explain this discrepancy, additional attractive interactions between background molecules and the reactants studied have been invoked; these compensate (to a greater or lesser degree) for the repulsive steric interaction due to volume exclusion (Elcock 2010; Jiao et al. 2010; Minton 2013; Minton and Wilf 1981; Phillip and Schreiber 2013) . While excluded-volume effects are ubiquitous, the impact of compensating attractive interactions is highly variable and system-dependent as they vary with the chemical nature of the interacting species and the type of reactions studied. We have to date focused upon excluded-volume effects since the behavior of the proteins that we have studied in crowded model solutions may be satisfactorily described qualitatively and often quantitatively by excluded-volume models (Alcorlo et al. 2009; González et al. 2003; Jimenez et al. 2007; Rivas et al. 1999 Rivas et al. , 2001 Zorrilla et al. 2004a) . Because the probability that interactions other than excludedvolume contribute significantly to total crowding effects increases as the complexity and heterogeneity of the crowded medium increases, our future research plans call for including other parameters modulating the crowding effects, such as temperature, as temperature dependence has been shown to be diagnostic for the presence and magnitude of attractive interactions (Jiao et al. 2010; Minton 2012 Minton , 2013 . We believe that experimental and theoretical studies of systems of controlled but increasingly complex and progressively more celllike composition are a necessary prerequisite to understanding macromolecular behavior in a cell.
FtsZ activities, associations, and assembly: a quantitative biochemistry approach A prerequisite to reconstruct minimal proto-ring assemblies in the test tube is to quantitatively understand and control the association and assembly behavior of FtsZ, processes which are allegedly relevant for the central role that FtsZ plays in division. Although as with tubulin these reactions depend on magnesium and guanine nucleotides and involve guanosine triphosphate (GTP) hydrolysis (Erickson et al. 2010; Mingorance et al. 2010) , the control of E. coli FtsZ assembly by ligands presents certain peculiarities. While the binding of nucleotides to FtsZ does not require magnesium, hydrolysis and dissociation of bound GTP does depend upon this divalent cation, behavior more related with that observed for GTPases of the Rho family (Erickson et al. 2010; Mingorance et al. 2010; Zhang et al. 2000 ; Rivas and co-workers, unpublished results). The protomeric unit of FtsZ is a monomer, which binds magnesium with low affinity (Rivas and co-workers, unpublished results) while tubulin contains a high-affinity magnesium-binding site that controls the structural stability of tubulin heterodimer (Menendez et al. 1998) .
The GTP-induced FtsZ polymerization to form singlestranded protofilaments in an apparently cooperative manner can ultimately lead to a variety of supramolecular structures. Flexible multi-stranded fibers, circles, ribbons, bundles and toroids (Adams and Errington 2009; Erickson et al. 2010; González et al. 2003; Mingorance et al. 2010; Popp et al. 2009 ) are observed depending on solution conditions (buffer composition, protein concentration, surface effects, nonspecific effects of macromolecular additives, specific effects of other cell division proteins). This polymorphism is a reflection of the structural plasticity of FtsZ polymers, which are highly dynamic both in vivo (Stricker et al. 2002) and in vitro (Chen and Erickson 2005) . Large changes in the geometry of the fibers would require very small free energy perturbation of the intermolecular interface (González et al. 2005) . Experiments on FtsZ polymerization are particularly challenging because of the dynamic character of polymers, which is linked to the GTPase activity of the protein, and special procedures are required to maintain polymer stability throughout the duration of the experiments (González et al. 2003) . All these may explain, in part, the controversy which has emerged in recent years regarding the GTP-dependent mechanism of FtsZ polymerization (Erickson et al. 2010; Mingorance et al. 2010) . Current biochemical and biophysical research on FtsZ is aimed at describing the polymerization and force-generating mechanisms and evaluating the roles of nucleotide exchange and hydrolysis; the results of such studies will help to determine the precise role of FtsZ in division Salvarelli et al. 2011) .
A good description of these ligand-linked FtsZ interactions requires knowing how changes in the concentrations of proteins and physiological ligands influence the association schemes and the relative abundance of the FtsZ species involved. We have obtained this information by using complementary biophysical approaches that combine analytical ultracentrifugation, static/dynamic light scattering, and fluorescence spectroscopy methods; this strategy has provided a thorough and robust description of these associations and assembly reactions. The choice of the experimental approach used has been based upon the processes being studied, either associations of the guanosine diphosphate (GDP)-FtsZ forms or the assembly of FtsZ in the presence of GTP or analogs.
Mg
2+ -linked non-cooperative self-association of FtsZ monomers in the presence of GDP FtsZ monomers, equilibrated in neutral pH buffers containing GDP, were found to self-associate through a Mg 2+ -linked non-cooperative process as revealed by the composition-dependence of the molar mass of FtsZ, measured by sedimentation equilibrium over a broad range of protein and ligand concentrations (Martos et al. 2010; Rivas et al. 2000) (Fig. 3) . The mechanism of oligomer formation is best described as an indefinite self-association reaction coupled to the binding of a molecule of Mg 2+ for each FtsZ added to the growing oligomer. The tendency of FtsZ to self-associate decreases as the buffer ionic strength increases, with 14-mers and hexamers being the larger class of oligomers detectable at 0.05 and 0.5 M K + , respectively. The self-association behavior, and its dependence on solution conditions, was characterized by composition-gradient static light scattering (CG-SLS), a technique that greatly facilitates the rapid (order of minutes) acquisition of continuous light scattering data from a solution whose composition is being varied with time in a controlled manner (Attri and Minton 2005a, b) . The resulting time-and composition-dependent scattering profiles were quantitatively best described by the same molecular schemes (adapted to model the composition dependence) that accounted for the sedimentation equilibrium data (Fig. 3) . The sedimentation coefficient distributions calculated from sedimentation velocity experiments were compatible with the self-association features of FtsZ in its GDP form mentioned above (Martos et al. 2010; Rivas et al. 2000) and their modulation by magnesium and potassium ions. These findings suggest that, at physiologically relevant concentrations of these ligands in E. coli (free Mg 2+ approx. 1-2 mM, intracellular K + approx. 0.1-1 M; Chang and Cronan 1986; Record et al. 1998 ), GDP-FtsZ has a weak tendency to form oligomers in solution.

2+
-linked concerted polymerization of FtsZ in the presence of GTP or analogs The sedimentation coefficient distributions of FtsZ in the presence of constantly replenished GTP (González et al. 2003) were measured as a function of protein and Mg 2+ concentrations in close to physiological buffer solutions (neutral pH, 0.5 M K + ) under steady-state conditions (González et al. 2005; Monterroso et al. 2012a) . As the concentration of protein increases, FtsZ undergoes a concerted transition between a paucidisperse distribution of slowly sedimenting species (2-4 S) and a narrow size distribution Solid lines are the corresponding best fits of indefinite self-association functions (Rivas et al. 2000) . b Concentration dependence of 90°s cattering of FtsZ with 5 mM magnesium at 500 (gray triangles) and 100 mM KCl (black triangles). Adapted from Rivas et al. (2000) of rapid species (12-13 S). The peak size of this distribution varies with the concentration of monovalent and divalent ions, but the concerted nature of the transition does not (Fig. 4) . Any further increase in protein concentration increases the population of high molecular weight species, but not the mean size or dispersity, suggesting a second-order phase transition (González et al. 2005; Monterroso et al. 2012a ). The concentration dependence of static light scattering (measured by CG-SLS) and diffusion coefficients (measured by fluorescence correlation spectroscopy and dynamic light scattering) independently verified the cooperative appearance of a narrow size distribution of oligomeric species providing, in addition, the size of these species, 100±20 FtsZ monomers, at a millimolar Mg 2+ concentration (Monterroso et al. 2012a) . Parallel experiments on solutions where polymerization was triggered by GMPCPP, a slowly hydrolyzable analog of GTP, likewise indicated the concerted formation of a narrow size distribution of stable oligomers with a larger average mass, 150±20 FtsZ monomers. The closely similar behavior of FtsZ in the presence of GTP or GMPCPP might be evidence of a common association scheme.
These results have been semi-quantitatively described by a quasi-equilibrium model assuming that FtsZ self-assembles into linear fibers which, above a certain size and because of their natural curvature and flexibility, tend to form cyclic fibrils (Fig. 4) . These species are not necessarily circles, as they are circular only in a topological sense and their actual conformation in solution may be far from planar and not even close to circular in shape; cyclization may reflect the formation of several simultaneous side-to-side contacts between FtsZ molecules at fiber termini leading to loop closure, rather than a single end-to-end contact. Electron microscopy (EM) and Cryo-EM images of curved and cyclic structures have been reported elsewhere, and recent atomic force microscopy (AFM) images obtained from solutions prepared under conditions identical to those studied in González et al. (2005) and Monterroso et al. (2012a, b) show abundant and relatively homogeneous populations of cyclic FtsZ fibrils of sizes comparable to those described above .
It is cautious not to attribute physiological significance to the narrow size distribution of fibril species tentatively identified as cyclic oligomers, as there are many differences between the selected in vitro conditions and those found in the cell. The most obvious of these are the absence of other division proteins and of elements of the intracellular environment interacting with FtsZ (at least) in a nonspecific manner, probably contributing to the fine-tuning of Z-ring formation. Although these factors therefore have to be ultimately integrated in the synthetic approaches to reconstruct FtsZ-based minimal division machineries, the quantitative studies described here provide relevant information on the solution behavior of FtsZ that needs to be considered when elaborating more complex schemes describing the mechanism of FtsZ polymerization.
Dynamic self-and hetero-associations of GDP-FtsZ and ZipA in solution FtsZ in its GDP form was found to bind with moderate affinity to sZipA (a soluble form of ZipA lacking the trans-membrane region), as measured by CG-SLS (Martos et al. 2010) . Under close to physiological conditions, FtsZ monomers self-associate in a non-cooperative fashion to form short oligomers, with hexamers being the larger species detectable, while sZipA is a monomer. CG-SLS data from mixtures of FtsZ and sZipA were quantitatively best described by an association model where a molecule of sZipA binds any FtsZ oligomer with the same affinity (K a approx. 5×10 5 M
−1
). The binding of sZipA to FtsZ did not alter the affinity between FtsZ monomers, as the best-fit value of the affinity constant (K a approx. 6.5×10 4 M −1 ) was Fig. 4 Polymerization of FtsZ in GTP-containing solutions. a. Concentration dependence of GTP-FtsZ static light scattering at 90°, supplemented with an enzymatic GTP regenerating system (RS) as described in (González et al. 2003) , at the magnesium concentration specified in the figure or in the presence of 2 mM EDTA. Lines are meant only to guide the eye. b. Magnesium dependence of FtsZ sedimentation velocity [c(S)] in the presence of 1 mM GTP and RS.
Sedimentation profiles of 1 g/l FtsZ equilibrated at the magnesium concentrations specified in the figure. c. Fractional abundance of FtsZ oligomeric species in the presence of GTP/RS and 5 mM magnesium, plotted as a function of oligomer size and total protein concentration, calculated using a nucleated isodesmic−cyclization model . Gray Linear oligomers, black cyclic filaments. Adapted from Monterroso et al. (2012a, b) the same as that obtained in the absence of sZipA. The interaction between GDP-FtsZ and sZipA and the association scheme were confirmed by sedimentation equilibrium. These results would support the role of ZipA as a divisome element providing a dynamic membrane tethering for FtsZ.
Effect of crowding on FtsZ associations and assembly
It is reasonable to believe that a robust strategy to reconstruct functional proto-ring assemblies in minimal cell-like systems would require a quantitative understanding of the time-dependent and steady-state behavior of FtsZ oligomers and polymers under conditions that faithfully reproduce the intracellular environment. However, the state(s) of association and assembly of FtsZ in such cytomimetic media cannot be reliably inferred from the knowledge of these FtsZ properties measured in the absence of background components naturally present in the cell, which may interact in a nonspecific manner with FtsZ. Of those background interactions, we have already discussed the possibility that excluded-volume effects, due to crowding, may alter, both qualitatively and quantitatively, the reactivity of individual macromolecules (i.e. FtsZ).
Studying FtsZ association/assembly reactions in crowded media Excluded-volume conditions are usually reproduced in the test tube by adding high concentrations of inert macromolecules, of natural or synthetic origin (referred to as crowding agents or crowders), to the system (Ellis 2001) . The quantitative analysis of the effects of crowding on FtsZ-related reactions involves experimental challenges additional to those existing when such reactions are studied in dilute solution. First of all, the behavior of FtsZ species which are diluted has to be monitored and measured in the presence of much higher concentrations of crowding species. Secondly, any observed effect of crowder species on a given FtsZ reaction may be due to other causes, instead of volume exclusion, such as weak interactions between crowder and FtsZ species. Finally, the effects of non-ideality have to be taken into account to interpret the measurements. Several biophysical methods have been used to measure crowding effects on FtsZ association and assembly reactions. Non-ideal tracer sedimentation equilibrium (NITSE) is a variation of SE that is particularly well adapted to detect and measure intermolecular interactions of dilute proteins in solutions containing high concentrations of background macromolecules (Rivas et al. 1999 (Rivas et al. , 2001 Rivas and Minton 2004) . This technique requires that the equilibrium concentration gradient of the protein (the tracer) can be measured independently of the gradients of the background species present in the solution. A given protein can be considered to be a tracer if it has an intrinsic or extrinsic (via labeling) signal that can be uniquely detected and if it is not perturbed by the presence of the crowder species. Theoretical and methodological advances in the analysis of SE in solutions of arbitrary concentration, taking into account thermodynamic non-ideality, allow a reliable interpretation of the composition dependence of signal-average buoyant molar mass in terms of repulsive and attractive interactions between species present at significant concentration. NITSE has provided quantitative information about nonspecific repulsive interactions between tracer protein and crowder components (Fodeke and Minton 2010; Rivas et al. 1999) , self-association of tracer proteins (Rivas et al. 1999 (Rivas et al. , 2001 Zorrilla et al. 2004a ) and hetero-association of tracer components (Alcorlo et al. 2009 ) in crowded solutions.
Fluorescence spectroscopy methods are also powerful tools for detecting and measuring properties of tracer proteins in crowded solutions due to the possibility of selectively detecting labeled biomolecules. However, there are still only a few examples of the application of fluorescencebased assays to study crowding effects. Fluorescence anisotropy, which measures the decrease in the rotational motion of a fluorescent tracer protein when it associates with itself or with another macromolecule, has been used to detect the self-association of dilute proteins Zorrilla et al. 2004b ) and the formation of protein-DNA complexes in crowded solutions, and also to measure the influence of crowding agents on the critical concentration of GTP-linked FtsZ assembly (Reija et al. 2011) . Fluorescence resonance energy transfer, which measures the distance between donors and acceptors attached to either two regions of the same protein or two different interacting macromolecules, has been used to detect and measure crowdinginduced changes in the conformation of adenylate kinase protein (Nagarajan et al. 2011 ). Fluorescence correlation spectroscopy, which provides information on dynamic properties (translational diffusion) of tracer proteins from the fluorescence intensity fluctuations measured within a confocal volume, has been applied to characterize the motion of biomolecules in crowding conditions (Dix et al. 2006; Lavalette et al. 2006) .
Crowding enhances the self-association of GDP-FtsZ The addition of unrelated background proteins (bovine serum albumin and hemoglobin) at concentrations as high as 150 g/l was found to enhance the tendency of the GDPcontaining form of FtsZ to self-associate, forming oligomers, as measured by NITSE (Rivas et al. 2001) . The composition-dependence of the buoyant molar mass of FtsZ was quantitatively described by a model in which it is assumed that FtsZ interacts with each protein crowder via steric repulsion, with the crowder species and FtsZ monomers represented by equivalent rigid spheres and each FtsZ oligomer represented as an effective sphero-cylinder. This description of the data is in excellent agreement with the predictions of the excluded-volume theory, providing evidence that crowding can modulate, in a nonspecific manner, FtsZ self-association.
Crowding promotes the self-organization of GTP-FtsZ filaments to form dynamic polymer networks The enhancement of the rate and extent of formation of fibrous protein assemblies has been found (as expected) to be one of the major effects of volume exclusion in crowded environments on macromolecular reactions. The addition of unrelated background macromolecules (Ficoll and dextran, both with average molar mass around 70,000 Da) at concentrations as high as 150 g/l was found to promote the GTP-dependent assembly of FtsZ into dynamic multistranded fiber networks, as measured by turbidity and sedimentation assays and observed by EM and AFM (Fig. 5) . The self-organization of FtsZ polymers induced by crowding, which is GTP-dependent, was found to retard the GTPase activity of the protein and the dynamics of FtsZ polymers when compared with the measurements obtained using FtsZ single-stranded filaments in the absence of crowding agents. In a separate study, toroidal FtsZ structures were observed in electron micrographs of FtsZ polymerized in the presence of methylcellulose or polyvinyl alcohol (Popp et al. 2009 ). It is not clear whether the observed effect is due to excluded-volume, as the weight concentrations of these additives that are sufficient to induce FtsZ condensation are rather low (<10 g/l) when compared with the concentration of Ficoll or dextran needed to induce a substantial condensation. It is possible that the mechanism of action of these substances to produce such interesting structures is related to solvent perturbations linked to electrostatic interactions rather than-or perhaps in addition to-excludedvolume effects due to steric repulsion. Taken together, these results lead to the proposal that in a cell-like environment under assembly-promoting conditions, the FtsZ thin filaments tend to associate, forming dynamic higher-order structures which may fit into the Z-ring. These spontaneous FtsZ assembly processes must be highly regulated in vivo by specific mechanisms to prevent the formation of the Zring in non-dividing cells.
Studying FtsZ in membrane-like systems
As the association of the proto-ring elements to form the functional complex in vivo takes place at the inner membrane, the interactions and assembly properties of FtsZ are currently being studied under topologically restricted reconstructions of the proto-ring structured in membrane-like systems, such as nanodiscs, coated beads, bilayers, and vesicles.
Biochemical analysis of proto-ring elements in nanodiscs and membrane-coated microbeads Nanodiscs consist of a ring formed by two copies of a membrane scaffold protein that encircles a phospholipid mixture, which can incorporate membrane proteins preserving their natural properties (Bayburt and Sligar 2010; Nath et al. 2007 ). They behave as soluble structures, allowing the quantitative analysis of their properties and interactions with other division elements in lipid environments by biochemical and biophysical techniques. A single copy of full-length ZipA was integrated in nanodiscs made of E. coli lipids (Nd-ZipA) as measured by analytical ultracentrifugation. This finding was confirmed by EM and is compatible with fluorescence correlation spectroscopy measurements of the diffusion coefficient of ZipA-containing nanodiscs (labeled with a trace amount of fluorescent lipid) (Hernández-Rocamora et al. 2012a, b) (Figs. 1, 6 ). These biophysical techniques were used to determine that ZipA embedded in nanodiscs interacts equally with different forms of FtsZ assembled in the presence of GDP, GTP, or GTP analogs (Fig. 6) . They also allowed verification that peptides comprising the FtsZ region of interaction with ZipA compete with FtsZ polymers for NdZipA binding. The strength of the interactions between NdZipA and FtsZ oligomers and polymers was found to be of the same moderate affinity as the binding of FtsZ to a soluble variant of ZipA lacking the trans-membrane region (Martos et al. 2010 ). These results suggest that neither the trans-membrane region of ZipA nor FtsZ polymerization have a significant influence on the binding of FtsZ to ZipA. Moreover, they also support the dynamic nature of the anchoring of FtsZ to the membrane, facilitating the space and time modulation of FtsZ distribution during the cell cycle and its subsequent relocation to midcell when required for the assembly of a division ring. These nanodisc systems have been used to generate a fluorescence-based assay to screen for inhibitors of ZipA-FtsZ complex formation, with potential application to other protein-protein interactions of the divisome.
Micron-size beads coated with natural membranes or artificial proteolipid bilayers provide a reliable, robust system to generate lipid surfaces with uniform curvatures, in which both the lipid composition and the material of the bead can be modified in a controlled manner to obtain the desired properties of the system (Arumugam et al. 2011; Liu and Fletcher 2009) . Using these beads, it is possible to measure the interactions between soluble and membranebound proto-ring elements by, among others, differential centrifugation, as in the case of the binding of FtsA to beads coated with inner membranes or lipids (Martos et al. 2012b ). These approaches are currently being applied to measure the binding of different forms of FtsZ to membrane structures. Finally, the interaction between FtsZ and inner membranes incorporated into silver-coated polystyrene microbeads was monitored by surface-enhanced Raman scattering sensing, a surface-sensitive technique that enhances Raman scattering by molecules adsorbed to metal surfaces (Ahijado-Guzman et al. 2012 ). This strategy enabled structural changes arising from the binding of FtsZ polymers and oligomers at the surface of the bead to be detected, and these structural changes turned out to be very different, a result that could be exploited to design rapid systematic assays to screen for inhibitors of division protein-protein interactions.
Structural studies of proto-ring elements on lipid bilayers These membrane-like systems allow the application of surface-sensitive imaging techniques, such as AFM and total internal reflection fluorescence microscopy (TIRFM), for studying the structural organization and dynamics of proteins and lipids on the membrane, detecting as well changes upon the binding of soluble proteins or assemblies to the membrane surface (Sezgin and Schwille 2012) . The interaction between soluble and membrane-bound proteins can also be measured by acoustic and plasmonic sensing assays (Galush et al. 2009; Herrig et al. 2006) . FtsZ polymers anchored to lipid bilayers through a soluble variant of ZipA were found to form dynamic bidimensional networks which evolve and reorganize with time by fragmentation, annealing and lateral condensation, as revealed by AFM ). Co-polymers of wild-type FtsZ and a variant form containing a membrane targeting González et al. (2003 González et al. ( , 2005 and Monterroso et al. (2012b) sequence were found to present an intrinsic curvature as their alignment on microstructured substrates supporting the lipid bilayers, visualized by AFM and TIRFM, depends largely on the curvature of the surface. They preferentially align themselves along curvatures that reproduce the ones found in the inner face of E. coli cells (Arumugam et al. 2012) .
Proto-ring elements in vesicles The first evidence supporting the role of FtsZ as a contractive element in a lipid vesicle was provided by optical micrographs showing that polymers of an artificially membrane-attached variant of FtsZ (FtsZ-mts) were able to narrow the regions of elongated liposomes in which the FtsZ variant was located (Osawa et al. 2008) . The cylindrical geometry of the tubular liposomes was found to be important as FtsZ rings were not observed inside spherical liposomes. The incorporation of these polymers on the external face of the liposomes caused their deformation, and lipid tubules were found (Osawa and Erickson 2011) , a result also observed in the outside of vesicles with the natural forms of FtsZ and ZipA (Fig. 1) . The geometry of the distortion depends upon the FtsZ terminal region at which the membrane targeting sequence is attached, indicating that FtsZ polymer bending (associated to the natural curvature of FtsZ) is an important factor in membrane deformation.
Giant vesicles, due to their large size (from several to hundreds of micrometers) are very suitable for investigating, by imaging and microspectroscopy techniques, the spatial/dynamic organization of proto-ring proteins trapped in their interior, their interacting properties and the changes in the distribution of membrane components linked to binding events, among others (Sezgin and Schwille 2012; Walde et al. 2010) . The native form of FtsZ has been incorporated, together with FtsA, inside electroformed giant vesicles obtained from inner bacterial membrane, which naturally contains ZipA (Fig. 1) . The assembly of FtsZ modified the spatial distribution of the soluble proto-ring elements, resulting in the displacement of FtsA from the membrane, which was to be found associated with FtsZ polymers at the vesicle lumen, as observed by confocal microscopy. This result suggests that FtsA may have roles in division in addition to the known one in the association of FtsZ to the membrane during cytokinesis; as FtsA is an amphitropic protein, both FtsA and FtsZ may be related with signaling/activation events during the division process. On the other hand, membrane dilation of ZipA-containing vesicles was observed upon FtsZ polymerization mediated by caged-GTP inside the vesicle, suggesting a possible role for FtsZ in the modulation of membrane plasticity (Lopez-Montero et al. 2013 ).
Future challenges-towards reconstructing minimal division assemblies in cell-like (cytomimetic) compartments
The synthetic approaches described above have been exploited to study the properties of proto-ring elements and their interactions in membrane environments, allowing new insights to be gained into their precise mechanism of action and cellular function. However, many more experimental challenges have to be overcome before functional division machineries-divisomes-can be successfully constructed in the test tube.
1. The assembly of the divisome components in the bacteria occurs at discrete regions along the cell length (usually at midcell in normal E. coli division but it might vary in mutant cells). Therefore, strategies to reproduce these essential features in minimal reconstructions will require the construction of controllable compartments in which the molecular machinery that initiates division (the proto-ring) together with complexes -Rocamora et al. (2012b) that select the constriction site in vivo, namely the Min and nucleoid occlusion systems, will be assembled and their functions tested. Along these lines, Min waves, reproducing the oscillating behavior linked to the regulation of septum placement mediated by the Min system, have been partly reconstructed on the surface of lipid bilayers (Loose et al. 2008 (Loose et al. , 2011a and, more recently, in microengineered lipid compartments of different shapes (Schweizer et al. 2012; Zieske and Schwille 2012) . These oscillations have not yet been reproduced inside giant vesicles. As mentioned above, the nucleoid is a large and highly charged entity that, because it occupies a significant volume of the intracellular space, may have a considerable influence on the spatial distribution of protein networks in the cytoplasm and at the membrane (Zimmerman 2006) . Therefore, an important step will be to design a-cellular in vitro systems that mimic the spatial organization of protoring elements linked to volume exclusion and electrostatic effects in the crowded cytoplasm. Research towards a better understanding on how to best reproduce the crowded intracellular environment, including the production of artificial organelles (Marguet et al. 2012; Peters et al. 2012; Stadler et al. 2009 ) and micro/nanofabricated environments (Collier and Simpson 2011) , is required to establish the influence of the local microenvironments at the bacterial interior (characterized by crowding and surface effects, small volumes, low copy numbers, anisotropic molecular distribution, phase transitions, microcompartments) on the structural, dynamic, and spatial organization of divisome assemblies. Systematic quantitative studies on the properties of highly concentrated heterogeneous mixtures of proteins and/or other macromolecules (Zhou et al. 2008 ) and on the organization, in time and space, of intracellular entities mediated by phase separation processes and the collective action of weak macromolecular interactions in crowded environments (Hyman and Simons 2012; Keating 2012) will be highly relevant. 2. Advances towards the optimization of procedures to encapsulate, in a controlled manner and with high yield, protein complexes inside cell-like compartments will be crucial (Abkarian et al. 2011; Matosevic 2012; Richmond et al. 2011; Takiguchi et al. 2011 ).
Techniques to produce permeable giant vesicles are currently being explored to allow the control of FtsZ polymerization inside them by externally added ligands that promote assembly, such as GTP and Mg 2+ . Additionally, the application of microfabrication and patterning tools (Collier and Simpson 2011) combined with lipid chemistry technology will be highly relevant to our understanding of the influence of the size and shape of the cell-like compartments on the behavior of divisome assemblies. It has recently been shown that Min waves and patterns are very dependent on the structure, shape, and dimensions of the lipid containers (Schweizer et al. 2012; Zieske and Schwille 2012) .
An alternative tool to produce minimal reconstructions of the divisome is the water-in-oil formation of microdroplets in microfluidic devices, resulting in droplets of sizes similar to giant vesicles, but completely monodisperse and easily manipulated inside microfluidic channels. These form picoliter compartments of which the composition and size can thus be controlled precisely, while fluorescence microscopy techniques offer systematic quantitative assays of individual droplets (Theberge et al. 2010) . Related developments in droplet interface bilayer (Bayley et al. 2008 ) and polymersome (Martino et al. 2012 ) technologies also provide very interesting platforms for reconstruction purposes.
Finally, the positioning of the division site by the action of the Min protein system and/or the nucleoid will remain to be reproduced by introducing the proto-ring elements and positioning regulators into deformable closed compartments. These goals will require, in the case of the Min system, identifying the optimal physical conditions to convert traveling Min waves into steady oscillations. 3. A deeper quantitative understanding of the reversible association reactions involved in proto-ring assembly and its modulation by companion proteins and membrane elements is an additional limiting factor for future progress. This is not a trivial task, given the highly dynamic nature of most of these interactions, with a coexistence of a multiplicity of association states of which the relative abundance is composition and timedependent. Such a rheostat-like behavior (in contrast with a switch-like engine) may facilitate functionlinked structural rearrangements of division complexes during the cell cycle. A variety of new and improved biophysical tools exist that are suitable for achieving these goals, such as super-resolution and single molecule imaging (van Oijen 2010), fluorescence-based assays (Cisse et al. 2007) , and plasmonic sensing (Baciu et al. 2008) , among others. 4. The function of the force-generating elements driving constriction of the membrane needs to be reproduced in future minimal reconstructions of the divisome. The aims of current research is to complete a model of FtsZ action that integrates its mechanical properties in vitro with its role in division and with the constriction forces driving cytokinesis (Erickson 2009 ). The potential impact of other divisome proteins and, mainly, membrane elements on the forces exerted by FtsZ both in vitro and in the cell will have to be experimentally addressed. The lipid composition of the bacterial membrane can modulate its mechanical properties and also generate domains to recruit specific proteins (Janmey and Kinnunen 2006) . Interestingly, it has been shown that FtsZ polymers modify the viscoelastic properties of E. coli lipid monolayers so that they become more fluid and plastic (Lopez-Montero et al. 2010 . The very high content of cytoplasmic membrane proteins is also worth mentioning (Devaux and Seigneuret 1985) as this will very likely have a major effect on the mechanical properties of the membrane. Finally, the mechanical role of cell-wall synthesis during septum formation is poorly understood. Along these lines, the construction of fortifying shells around the membranes with the aim of reproducing the peptidoglycan layer seems to be an attractive but difficult approach to our better understanding of the mechanical processes linked to bacterial division. 5. In addition, other synthetic approaches to reconstruct minimal divisomes in cell-like compartments will come from the use of either cell-free expression systems inside giant vesicles (Forlin et al. 2012; Maeda et al. 2012; Noireaux et al. 2011) or cells in which the chromosome has been removed (Pazos et al. 2012 ). All of these developments, together with the application of powerful super-resolution microscopy and single molecule imaging tools inside the cell, will help to provide a detailed molecular description of essential bacterial division events.
Concluding remarks
Bacterial life is characterized by orderly patterns associated to processes carried out by macromolecular assemblies and networks, the components of which transiently interact to maintain, in time and space, the structural organization required for the optimal functioning of the cell (Kuthan 2001) . The division of E. coli is a good example of such orderly processes, in which several proteins interact at the end of the cell cycle to form at midcell (with the cooperation of two positioning mechanisms) a dynamic ring which, in subsequent stages, recruits other proteins, resulting in the assembly of the molecular machinery effecting cytokinesis. Division-related molecular interactions take place in environments characterized by the presence of high concentrations of background molecules, structured as dynamic networks, and by the presence of surfaces and membranes. These microenvironments may influence the reactivity and location of proteins that are essential for septation, thus acting as nonspecific modulating factors of the division process. An integrative approach towards elaborating the detailed biochemical mechanisms of bacterial division reactions that emerges from the study of essential proteins and functional dynamic assemblies in cell-like compartments is proposed. This approach attempts to take into account the relationship between individual protein species (and transient protein networks) and their local environment within the intact cell. This strategy, which enables complex processes to be investigated in facsimile cell medium whose composition may be manipulated in a controlled fashion, will help to reproduce the central features of bacterial division in the absence of cells.
